In benchmark-quality studies of non-covalent interactions, it is common to estimate interaction energies at the complete basis set (CBS) coupled-cluster through perturbative triples [CCSD(T)] level of theory by adding to CBS second-order perturbation theory (MP2) a "coupled-cluster correction," δ
I. INTRODUCTION
High-accuracy benchmark data sets have become a cornerstone for testing new theories, basis sets, and approximations in computational chemistry. As the field becomes more reliant on these high-quality test sets, a better understanding of their underlying errors is required. One common approach for obtaining benchmark quality reference data is through focal-point analysis. 1, 2 In the context of non-covalent interactions, focal-point analysis is often used to estimate coupledcluster theory through perturbative triple excitations in a large basis set [est. CCSD(T)/large]:
The subscripts and superscripts on energies refer to the method and basis set, respectively. The coupled-cluster correction δ
CCSD(T) MP2
is also referred to as CCSD(T) in the literature. The "large" basis set is often a complete basis set (CBS) extrapolation, whereas the "small" basis set used for δ
is usually a single basis set, though it may also be a basis set extrapolation. 3 As has been noted, [4] [5] [6] [7] [8] this focal-point approach works well because even though the convergence rates of CCSD(T) and MP2 correlation energies are slow with respect to basis set size, the rate of convergence of the difference [CCSD(T)-MP2] is much faster. 9 Thus, a much smaller basis a) Electronic mail: sherrill@gatech.edu.
set may be used for the δ
correction than for the underlying SCF and MP2 computations. This approach has been applied to obtain several non-covalent interaction benchmark energies. 4, [10] [11] [12] One of the more common small basis sets used is 6-31G*(0.25), particularly for benchmarking non-covalent interactions in bio-molecules. This modified Pople basis set is formed by replacing the usual exponent for the d polarization functions with a more diffuse exponent (α d = 0.25) better able to describe non-bonding interactions. [13] [14] [15] [16] While this approach has been used widely, there now exist several papers showing that δ
corrections with modest basis sets (e.g., 6-31G*, cc-pVDZ, and aug-cc-pVDZ) often lead to inaccurate interaction energies. One such paper by Boese et al. 17 reports interaction energy errors of 10% for neutral hydrogen-bonded complexes using 6-31G*(0.25) and claims that using such small basis sets "does more harm than good" (because too small a basis set can yield the wrong sign for the δ CCSD(T) MP2 correction). A large error is also seen in the work of Min et al. on benzene · Na + (Ref. 18 ). They report a δ
correction increasing in magnitude from −0.13 kcal mol −1 in the aug-cc-pVDZ basis to −1.16 kcal mol −1 in the augcc-pVTZ basis. Pitoňák et al. 8 recently studied the effect of small basis sets on stacked adenine · thymine. They find that small Pople basis sets have errors less than 10%-20% in the δ
correction. While this nucleobase test system is interesting, it is not representative of difficult cases in which the δ
correction is a significant portion of the binding energy. In stacked adenine · thymine, δ CCSD(T) MP2 is 3.18 kcal mol whereas, the more difficult cases are systems like the paralleldisplaced benzene dimer where the δ correction is large compared to the interaction energy, a significant error in this quantity can result in a large relative error in the total binding of the complex. This is yet another reason why the benzene dimer has been examined in such detail. 3, 4, 10, [19] [20] [21] [22] [23] In particular, a key study by Janowski and Pulay 21 demonstrated that even the reasonably good aug-cc-pVDZ basis set is not quite sufficient to converge δ CCSD(T) MP2 within 0.1 kcal mol −1 of its true value for the benzene dimer. Given that some approximate methods for non-covalent interactions are now achieving mean absolute deviations (MADs) of only few tenths of one kcal mol −1 (Refs. 24 and 25) , it is important to begin considering how the remaining errors in the benchmark interaction energies can be reduced to only a few hundredths of one kcal mol −1 . In many cases, the δ
term appears to be the largest remaining source of error, and hence it is the focus of the present study. In particular, we examine the basis set convergence of this correction for several small van der Waals dimers, and from this work we present revised benchmark interaction energies for several databases of non-covalent interactions.
While estimates of CCSD(T)/CBS interaction energies using a relatively small basis set to evaluate δ
can be quite accurate in many cases, the quality of the procedure is not necessarily consistent across binding motifs for non-covalent interactions. This study examines the error incurred by using double-ζ basis set δ
corrections for complexes that are hydrogen-bonded, dispersion-bound, or of mixed character. Particularly, we focus on the S22 benchmark set, 11 which features diverse types of non-bonded interactions over a wide range of system sizes, from water dimer (six atoms) to adenine · thymine complexes (30 atoms) .
This work also investigates the use of explicitly correlated wavefunctions to obtain better δ
corrections at reduced computational cost. Analogous to Eqs. (1) and (2) ,
Explicitly correlated wavefunctions have been shown to produce accurate energies using relatively small basis sets. [26] [27] [28] [29] [30] [31] This work evaluates whether this same approach can more quickly converge the coupled-cluster correction.
II. THEORETICAL APPROACH

A. Notation
The Dunning basis sets aug-cc-pVNZ (N = D,T,Q,5,6) are herein referred to as aNZ. The heavy-aug-cc-pVNZ (N = D,T,Q,5,6), which is aug-cc-pVNZ on the non-hydrogen atoms and cc-pVNZ on the hydrogens, is herein referred to as haNZ. It is also worth noting here that none of the interaction energies presented in this work are at fully optimized minima, but instead at fixed, near-equilibrium geometries defined by the corresponding original papers. All interaction energies are counterpoise corrected for basis set superposition error (BSSE) with the scheme outlined by Boys and Bernardi. corrections with respect to basis size for both individual basis sets (e.g., aNZ, N = D,T,Q,5,6) and 2-point Helgaker extrapolations 33 (e.g., CBS(aNZ,aMZ), NM = DT, TQ, Q5, 56). To accomplish this, δ CCSD(T) MP2 quantities are computed for each of the aforementioned basis sets for several of the smallest members of the S22 test set.
C. Revision of benchmark databases
In accordance with the conclusions of this study (discussed below), the reference interaction energies for the S22, 11 NBC10, 3, 34, 35 HBC6, 36 and HSG 12 databases have been revised, with geometries remaining unchanged. Benchmark values for the latter two have been computed as a sum of the HF/aQZ energy, the two-point (aTZ and aQZ) Helgaker CBS extrapolation 33 of the MP2 correlation energy, and the δ . The databases at this revision level will be denoted as NBC10A, HBC6A, and HSG-A.
For the S22 test set, revisions of the original 11 benchmark energies have already been published. A recent paper by Takatani et al. 37 contributed high-quality estimates of the δ
CCSD(T) MP2
correction to define the S22A binding energies. The δ
corrections were extrapolated to the CBS limit with an aDZ,aTZ 2-point Helgaker extrapolation 33 of the MP2 and CCSD(T) correlation energies. Podeszwa et al. independently revised binding energies for the S22 dimers using larger basis MP2/CBS energies and single-basis δ
corrections with mid-bond functions. 38 These two studies agree within 0.044 kcal mol −1 averaged across the entire set, or within 0.029 kcal mol −1 if the adenine · thymine complexes (numbered 7 and 15) are dropped. Recently, our group has analyzed the differences in these two benchmarks and concluded that aDZ,aTZ CBS extrapolated δ
corrections typically slightly overestimate δ
corrections for hydrogenbonded complexes. A detailed study of this is presented in Sec. III B. Additionally, we have performed new CCSD(T) computations using larger basis sets when feasible. The best quality results from among the literature values and new computations have been judiciously selected to form the S22B benchmark set. The S22 set conveniently partitions complexes by binding type into hydrogen bonding, dispersiondominated, and mixed influence categories. This grouping allows one to see if particular methods struggle for certain kinds of non-covalent interactions. Interaction energy decompositions via DFT-SAPT by Grafová et al. 24 and SAPT2+(3)/aTZ results by Hohenstein and Sherrill 39 have shown that the original, intuitive assignments of the S22 complexes to binding-type subgroups were not wholly consistent. In this work, we use the grouping suggested by SAPT2+(3) data which moves stacked adenine · thymine (15) and uracil (13) to the mixed influence subset and T-shaped benzene dimer (20) to the dispersion-dominated subset. We note that the "hydrogen bonding" group might more precisely be designated as "electrostatically dominated," as the electrostatic character is what we confirmed by SAPT analysis. Some members of this group, such as NH 3 dimer, may not necessarily fit the latest International Union of Pure and Applied Chemistry definition of hydrogen bonding. 40, 41 All subsequent discussions employ the revised S22B, NBC10A, HBC6A, and HSG-A interaction energies as benchmarks.
D. Small basis set δ
CCSD(T) MP2 corrections
For each of the complexes in the S22 test set, we report δ
corrections (using Eq. (2)) for the following basis small sets: 6-31G*, 6-31G*(0.25), 6-31G**(0.25,0.15), ccpVDZ, and aug-cc-pVDZ (aDZ). The number in parentheses indicates the non-standard exponent on the polarization functions. These modified Pople basis sets were chosen because they are commonly used in the literature for computing δ
CCSD(T) MP2
. [42] [43] [44] [45] [46] [47] [48] [49] Results are compared to the best currently available values of δ
(several of which are revised in this work). Mean absolute deviation as well as mean absolute percent deviation (MAPD, with respect to the total interaction energy) are reported for each basis set. Considering the minimal role of core correlation towards overall interaction energies, 17 the frozen-core approximation was employed for all computations. All total energies were converged to 10
hartree.
E. Explicitly correlated δ
CCSD(T * )−F12
MP2−F12 corrections
Using Eqs. (3) and (4), we examine the performance of explicitly correlated F12 methods for computing δ
CCSD(T) MP2
corrections. Some technical aspects of CCSD(T)-F12 require elaboration, the first of which is how to handle the perturbative triples correction. This work follows the approach of Marchetti et al. 50 whereby the triples correction is scaled by the ratio of MP2 correlation energy and MP2-F12 correlation energy:
This procedure leads to a better triples correction, but if it is done independently for the dimer and each monomer, sizeconsistency is lost, as pointed out by Marchetti et al. 50 To retain size-consistency while computing an interaction energy, the scaling factor must be kept consistent for each complex. Any of the three scaling factors (dimer, monomer A, monomer B) could be chosen, though the dimer is the most common choice. Methods that employ a single scaling factor for each of the three computations are herein referred to as CCSD(T**)-F12. CCSD(T*)-F12 (with one asterisk) here designates independently scaled triples corrections. The second issue that must be considered is the choice of F12 ansatz.
For CCSD-F12, we present both F12a and F12b (Refs. 30 and 31). For MP2-F12, we present only MP2-F12/3C(FIX) as the MP2 reference.
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III. RESULTS AND DISCUSSION
A. Complete basis set extrapolated δ
CCSD(T) MP2 corrections
First, it is worthwhile to establish the best possible benchmark values for δ
. In previous work, we presented a basis-set-consistent revision of interaction energies for the S22 test set, which we designated S22A. 37 Based on limited comparisons where extrapolated CCSD(T)/CBS(aTZ,aQZ) interaction energies were then available, it appeared that using CBS(aDZ,aTZ) δ
CCSD(T) MP2
corrections was very similar to and in some cases slightly preferable to using aTZ δ
corrections. However, in the present work, we find that this previous picture is somewhat misleading because-surprisingly-the CCSD(T)/CBS(aTZ,aQZ) interaction energies are themselves not always fully converged. Figure 1 illustrates the slow, non-monotonic convergence characteristic of the δ
term, which often results in significant errors for estimates involving double-ζ values (i.e., aDZ and CBS(aDZ,aTZ)). The δ
correction for the water dimer in Figure 1 (a) grows with increasing basis set until aQZ, but decreases with the a5Z and a6Z basis sets. To achieve a nearly-converged CBS δ
correction, one would have to acquire a CBS(aQZ,a5Z) extrapolated estimate. Because of the scaling of CCSD(T), employing basis sets of this size is infeasible for any but the smallest complexes. From Figure 1 (a), we also note how CBS(aDZ,aTZ) significantly overestimates the best available [a6Z or CBS(a5Z,a6Z)] estimates (by ∼0.04 kcal mol −1 out of a ∼0.03 kcal mol −1 correction). This is due not only to the poor quality of the aDZ basis set, but also to the fact that δ
terms do not converge monotonically with increasing basis set size.
We apply this same analysis to the double hydrogenbonded system formic acid dimer, shown in Figure 1(b) . Again, we note that the δ
correction does not converge monotonically and this causes the CBS(aDZ,aTZ) estimate to overshoot by −0.07 kcal mol −1 compared to CBS(aQZ,a5Z). Figure 1 (c) demonstrates the same trends for formamide dimer. In this case, the aDZ basis provides the correct sign for δ
, but it is only −0.07 kcal mol −1 compared to a best estimate of −0.27 kcal mol −1 . The CBS(aDZ,aTZ) extrapolation overshoots the best estimate by 0.07 kcal mol −1 . While these errors are not very large, they are undesirable and possible to avoid in general without costlier computations. Based on the water dimer, formic acid dimer, and formamide dimer test cases, it appears that the aTZ basis set provides a nice Pauling point for the δ
correction for hydrogen-bonded systems. For two out of three cases, the aDZ basis provided the wrong sign for δ
, and in the other case, it achieved only one-fourth of the true value. Hence, for small hydrogen-bonded systems, we urge caution in using double-ζ basis sets for δ
corrections for benchmark quality work. For somewhat larger complexes, contributions from dispersion forces will grow, and double-ζ basis sets (which work reasonably well for δ
corrections in dispersion-dominated or mixed complexes) may perform better.
Methane dimer was investigated to see if similar qualitative basis set effects could be seen in dispersion bound complexes. Figure 1 correction increases for other van der Waals dimers, this error should increase as well, and using aTZ for δ
instead of CBS(aDZ,aTZ) may offer a more noticeable improvement. 
Complex
Benchmark 
B. Impact on current benchmark sets for non-covalent interactions
From this basis set study on the δ
CCSD(T) MP2
correction, we reach two general conclusions: (1) Extrapolated corrections should be avoided unless one can ensure that the basis sets used are beyond the turning point (typically aQZ for hydrogen-bonded and aTZ for mixed and dispersion bound complexes). These are admittedly large basis sets for CCSD(T) computations, which argues against using extrapolation techniques for δ
corrections in general. (2) aDZ often results in the wrong sign for δ
corrections for small hydrogen-bonded complexes (S22-1 through S22-7) , and larger basis sets should be used whenever possible. In light of these new findings, we have decided to revise some existing benchmark sets that used extrapolated δ
values. The best estimates for interaction energies of the S22 complexes have been revised as described in Table I and are herein referred to as S22B. This new set removes any CBS extrapolated δ
corrections and uses the largest underlying MP2/CBS as well as the largest δ
correction available from the literature. We also provide larger basis set δ
CCSD(T) MP2 corrections or directly extrapolated CCSD(T)/CBS values (without using a δ CCSD(T) MP2
term) for some of the smallest complexes. From Table II , we see noticeable deviations for the hydrogen-bonded complexes compared to the S22A benchmark values of Takatani et al. 37 
that used CBS(aDZ,aTZ) δ CCSD(T) MP2
corrections. We also note substantial differences for the adenine · thymine complexes compared to the work of Podeszwa et al., 38 due to the latter's use of an aDZ δ
CCSD(T) MP2
correction. S22B benchmark values differ from those of Jurecka et al., 11 Podeszwa et al., 38 and Takatani et al. 37 by 0.137, 0.015, and 0.035 kcal mol −1 on average, respectively. Maximum differences are 0.696, 0.127, and 0.080 kcal mol −1 , respectively. The NBC10 (Refs. 3, 34, and 35) test set also generally utilized CBS(aDZ,aTZ) and CBS(haDZ,haTZ) δ
corrections, so we updated these to use only the aTZ and haTZ δ corrections. This new benchmark will be referred to as NBC10A. We report a shift of 0.017 kcal mol −1 on average across all complexes and a maximum difference of 0.060 kcal mol −1 for parallel displaced (PD) benzene dimer at an intermolecular separation of 3.2 Å and a slip distance of 0.2 Å. We note the largest corrections are for stacked configurations on the repulsive wall.
Since the overestimation of δ
corrections by CBS(aDZ,aTZ) extrapolation primarily affects hydrogenbonded systems, we must also revise the HBC6 test set which consists of doubly hydrogen-bonded complexes. The only modification to this test set was the replacement of CBS(aDZ,aTZ) δ 
The small average change is due to there being only a few hydrogen-bonded complexes in the HSG test set.
The remaining errors in these benchmark test sets are anticipated to be the following: basis set incompleteness error (BSIE) of the MP2/CBS, BSIE of the δ
correction, core-valence correction, and higher-order excitation corrections. To examine these sources of error, we look at each for the S22 benchmark set. By comparing MP2/CBS(aTZ,aQZ) to MP2/CBS(aQZ,a5Z), we estimate the BSIE of the MP2/CBS to have an average percent error of 0.10% (maximum 0.22% for PD benzene dimer). We estimate the upper bound of the BSIE of the δ
by com- /aDZ and δ
/aTZ. This approach reveals an average percent error of 0.60% (maximum of 3.01% for PD benzene dimer). To understand the remaining BSIE better, we looked at both the counterpoise corrected and noncounterpoise corrected δ should therefore be used with caution (all our proposed benchmarks use the counterpoise corrected δ
). The core-valence correction was estimated by Podeszwa et al. 38 to be on the order of 0.1% and no larger than 0.5% for all molecules in the S22 test set. Because of a lack of detailed studies of higher-order corrections (with an adequate basis set) in dispersion dominated complexes, (with the same sign), but these were for relatively small systems. Pitonak et al. 22 reported quadruple excitation corrections for benzene dimer to be 0.04 kcal mol −1 (1.72%), but this study used a relatively small 6-31G*(0.25) basis set. A more detailed study of higher-order corrections with adequate basis sets is required before giving bounds on this error.
C. Small basis set δ
CCSD(T) MP2 corrections
Having established that benchmark-quality δ
CCSD(T) MP2
terms generally require triple-ζ basis sets to be truly robust, we examined the performance of small double-ζ basis sets often present in the literature. Table S1 in the supplementary material 51 presents our best estimates of the δ
correction for the S22 test set, along with estimates of this correction evaluated in various double-ζ basis sets. Mean absolute deviations are presented in Figure 2 (a). It is clear that the original 6-31G* basis should not be used for these types of computations, as the optimized version 6-31G*(0.25) significantly outperforms it for the same computational cost. 6-31G*(0.25) performs relatively well for hydrogen-bonded complexes (MAD is 0.09 kcal mol −1 ), but the error becomes somewhat larger than desirable for mixed complexes (0.15 kcal mol from cc-pVDZ to aDZ reduces the MAD from 0.22 to 0.10 kcal mol −1 . Such augmented basis sets are especially important for dispersion bound complexes, reducing the MAD from 0.26 to 0.05 kcal mol −1 . Unfortunately, even aDZ is not an adequate basis set for high-quality δ
corrections for all binding types; it produces a MAD of 0.18 kcal mol −1 for hydrogen-bonded systems. Overall, Figure 2 confirms that none of the small double-ζ basis sets can produce an acceptable level of error for benchmarkquality interaction energies across all binding types, although with judicious choices, some may be sufficient for application studies or narrowly defined benchmarking tasks.
D. Explicitly correlated δ
CCSD(T) MP2 corrections
We have shown that aDZ can lead to significant error in δ
in some cases, so here we wanted to test how well this basis set could perform in an explicitly correlated framework. In Figure 3 , the method labeled "MP2/CBS + δF12/aDZ" utilizes explicitly correlated δ approach itself. Apparently, the explicit correlation terms are so effective that CCSD(T**)-F12b/aDZ does not need to be mixed with MP2/CBS estimates to account for basis set effects. In particular, MP2/CBS + δF12/aDZ does not alleviate the maximum error incurred for hydrogen-bound complexes (0.23 kcal mol −1 for formic acid dimer). Hence, focal-point schemes using CCSD(T)-F12 to evaluate δ CCSD(T * )−F12 MP2−F12 corrections do not seem to offer a large advantage over the underlying CCSD(T)-F12 in a modest basis.
IV. CONCLUSIONS
This work examines the error incurred by employing polarized double-ζ basis sets for the δ
CCSD(T) MP2
portion of a focal-point estimate of CCSD(T)/CBS interaction energies for non-covalent complexes. The error in the coupled-cluster correction for a given basis set varies according to the noncovalent bonding motif. Although polarized double-ζ basis sets generally yield adequate estimates of δ corrections with such basis sets. By examining the coupled-cluster correction in progressively higher basis sets, up to a6Z, a characteristic turning point was found, after which the quantity converges monotonically and before which CBS extrapolations are unreliable. Particularly, CBS extrapolated δ CCSD(T) MP2 corrections should not be used for hydrogen-bonded complexes when employing aDZ and aTZ basis sets. We recommend simply using the largest single basis set affordable. We report revised benchmark values for the S22, NBC10, HBC6, and HSG test sets based on lessons learned in this work. Cartesian coordinates and revised interaction energies for these four test sets are available as supplementary material. 51 The recent revision 53 of the S66 test set 54 used haDZ,haTZ extrapolated δ
corrections; for those systems, just as for these, we expect the extrapolation procedure to introduce small errors (on the order of a few hundredths of one kcal mol −1 , perhaps more for any systems with double hydrogen bonds) relative to the true δ
/CBS values. We observe remarkable performance by the explicitly correlated methods CCSD(T**)-F12a/b, even with a modest aDZ basis set, yielding an MAD of only 0.1 kcal mol −1 over the S22B test set. Such small errors mean that we need benchmark CCSD(T)/CBS values that are at least this precisely known, highlighting the value of the revised benchmark energies proposed here.
